During the early years of cytochrome P450 research, a picture of conserved properties arose from studies of mammalian forms of these monooxygenases. They included the protohaem prosthetic group, the cysteine residue that coordinates to the haem iron and the reduced CO difference spectrum. Alternatively, the most variable feature of P450s was the enzymatic activities, which led to the conclusion that there are a large number of these enzymes, most of which have yet to be discovered. More recently, studies of these enzymes in other eukaryotes and in prokaryotes have led to the discovery of unexpected P450 properties. Many are variations of the original properties, whereas others are difficult to explain because of their unique nature relative to the rest of the known members of the superfamily. These novel properties expand our appreciation of the broad view of P450 structure and function, and generate curiosity concerning the evolution of P450s. In some cases, structural properties, previously not found in P450s, can lead to enzymatic activities impacting the biological function of organisms containing these enzymes; whereas, in other cases, the biological reason for the variations are not easily understood. Herein, we present particularly interesting examples in detail rather than cataloguing them all.
Introduction
Cytochrome P450 monooxygenases (P450 or CYP) constitute a superfamily of structurally diverse and functionally versatile haem-containing enzymes with more than 15 000 known genes distributed across all biological kingdoms [1] . P450 proteins have extremely diverse primary sequences and are grouped into families depending upon their amino acid sequence identity: proteins with 40 per cent identity or greater are classed in the same family (CYP1, CYP2, etc.), and members with 55 per cent identity or greater are classed in the same subfamily (CYP1A1, CYP1A2, etc.; http://drnelson.utmem.edu/CytochromeP450.html; [2] ). P450 enzymes have pivotal roles in primary and secondary metabolic pathways. It has been proposed that the ancestral P450 may have been involved in the detoxification of reactive oxygen species generated in the highly volatile atmosphere of the burgeoning Earth [3] . P450s have been the subject of intense experimental interest for nearly 60 years, because of their extraordinary ability to introduce atmospheric oxygen into non-activated carbon-hydrogen bonds, showing exceptionally high degrees of regio-selectivity and stereo-selectivity according to the generalized reaction scheme:
In the resting state, the iron (Fe) atom of the P450 haem is the ferric (III) low-spin state in which the Fe is six-coordinated by four nitrogen atoms in the haem tetrapyrrole ring, the sulphur atom from cysteine and a water molecule (rather than amino acid coordination within the protein itself ) in the distal position. The linkage of the haem Fe to the cysteine thiolate gives rise to the characteristic Soret absorption at 450 nm when the ferrous form of the enzyme is complexed with carbon monoxide (CO). Upon substrate binding, the water molecule is often expelled as the axial ligand to produce a fivecoordinated ferric high-spin species that may have a concomitant increase of the redox potential. Next, an electron is transferred by an ancillary redox protein partner to the ferric haem, generating the ferrous five-coordinated haem. Molecular dioxygen binds to the ferrous enzyme resulting in the formation of a haem Fe producing the ferric dioxo species, which is subsequently protonated to produce the ferric peroxide complex termed compound 0. A second solvent-derived proton leads to heterolytic cleavage of the O -O bond with loss of water generating the Fe (IV) oxo-porphyrin p-radical (termed compound I). Finally, compound I extracts a proton from the substrate to form a ferryl-hydroxo species (compound II) and a substrate-centred radical, followed by rebound of oxygen from the ferryl-hydroxo intermediate, generating the ferric haem and product [4, 5] . Common P450 enzymatic reactions observed include C-hydroxylation, heteroatom oxygenation, heteroatom release (dealkylation), epoxide formation and group migration. Recently, more complex (unusual) enzymatic reactions including chlorine oxygenation, dimer formation, ring coupling, ring formation, ring contraction and aromatic dehalogenation have also been attributed to P450-dependent catalysis [6] . Consequently, given the breadth and elegance of complex biotranformations that P450s can catalyse, industry and academia strive for using P450s in the development of new medicines and agrochemicals as well as using their enzymatic properties in biotechnological applications [7] .
For catalytic activity, P450s require a source of electrons which are provided by reduced pyridine nucleotides (NAD(P)H or NADH). However, P450s cannot normally receive electrons directly from such cofactors and, therefore, require auxillary redox partner proteins to shuttle the electron to the P450 haem Fe. Generally these redox partners can be divided into three classes (although there are notable exceptions, some of which will be discussed later): prokaryotic P450s are reduced by Fe-containing ferredoxin (Fdx) and a flavin adenine dinucleotide (FAD)-containing ferredoxin reductase (FDR); eukaryotic P450s are reduced by a membrane-bound flavin mononucleotide (FMN)/FADcontaining NADPH cytochrome P450 oxidoreductase (CPR); and mitochrondrial P450s are reduced by adrenodoxin (Adx) and adrenodoxin reductase (ADR) [8] .
A note on common features conserved between all P450s
Prior to the discussion of unusual properties of P450s, it is important to note that all P450s share common properties (figure 1). First, in all P450s, the central haem Fe atom is bound to the protein through the anionic, thiolate sulphur of a cysteine residue. The cysteine is the only absolutely conserved residue found in all 15 000 P450 sequences. The importance of the thiolate bond is associated with the formation of the highly reactive intermediate, Fe(IV)oxo species (compound I) that is essential in the P450 catalytic cycle to oxidize unactivated C-H bonds [5] . Site-directed mutagenesis of the cysteine residue and hence loss of the thiolate ligand invariably leads to loss of P450 function. Second, it follows that all P450s can bind and activate atmospheric dioxygen. The only known exceptions are thromboxane synthase and allene oxide synthase, where the haem Fe binds two atoms of oxygen from the substrate molecule itself [9, 10] . This ability to catalyse the molecular scission of dioxygen is key to the myriad of chemical reactions that specific P450 enzymes can undertake, and is universal to all P450s. Finally, since the first P450 atomic structure was resolved in 1985 by Poulos et al. [11] , the X-ray crystallographic resolution of a number of prokaryotic and eukaryotic P450s have revealed that they all share similar overall structure and shape. This reflects conserved secondary structural elements involved in protein folding, and the correct incorporation and orientation of the haem porphyrin in order to produce an active P450 enzyme [12] .
Unusual P450 systems and associated redox partners
Originally P450-redox systems were divided into class I (for prokaryotic P450s consisting of the cytosolic and soluble three-component P450-Fdx-FDR electron chain) and class II (for eukaryotic P450s consisting of the endoplasmic reticulum (ER) membrane-bound P450-CPR electron chain). However, deviations from both classes began to arise during the study of mammalian adrenal P450s involved in steroid hormone biosynthesis. It was established that CYP11A1 (which converts cholesterol to pregnenolone, the first committed step in steroid hormone biosynthesis), CYP11B1 (which converts deoxycorticosterone to corticosterone and 11-deoxycortisol to cortisol) and CYP11B2 (which converts corticosterone to aldosterone) are supported by a soluble reductase partner system consisting of a 2Fe-2S protein Adx and a FAD-containing ADR, rather than a membrane-bound CPR [13] . This discovery gave clues to novel redox partner compatibility dependent upon individual P450 enzymes. Subsequently, the advent of genome sequencing and the uncovering of the multitude of P450 enzymes from organisms across biological kingdoms established the biodiversity of P450-redox systems and highlighted unusual forms. Perhaps, the first deviation from the class I/II standard described above was discovered by Narhi & Fulco [14] , who isolated a naturally occurring P450 fusion protein (CYP102A1; P450BM3) consisting of a N-terminal P450 haem domain linked to a eukaryotic-like CPR containing FMN and FAD domains in the bacterium Bacillus megaterium. CYP102A1 is located in the cytosol and has enzymatic activity towards fatty acid hydroxylation with the highest turnover rate reported for any P450 monooxygenase (17 000 min 21 ). This is probably reflected in the rapid intratransfer of electrons between the fused domains compared with the separate components of the vast majority of P450 and redox partner proteins [15] . Although believed to be a highly unusual P450 form, genome sequencing has revealed similar CYP102A1-like enzymes in other bacteria. Two CYP102A1 homologues (CYP102A2 and CYP102A3) are present in Bacillus subtilis and similar forms have been found in the bacteria Ralstonia metallidurans, Bradyrhizobium japonicum and various bacilli and streptomycetes [16] . Additionally, a eukaryotic counterpart of this bacterial CYP102A1 was initially discovered in the fungus Fusarium oxysporum and named CYP505A1 with homologues in various Neurospora and Aspergilli species [17] . Similar to CYP102A1, the CYP505As have fatty acid hydroxylase activity, although one member of the subfamily CYP505B1 is a hydroxylase in the production of the mycotoxin fumonisin [18] . In contrast to the CYP102 fusion proteins described rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120434
above, a recently discovered CYP102 subfamily (CYP102B) was described, which exists solely as a single P450 haem domain [19] . CYP102B1 from Streptomyces coelicolor A3(2) could be reconstituted with spinach ferredoxin and ferredoxin reductase to catalyse the turnover of arachidonic acid. However, the product profile was markedly different to CYP102A1, and the turnover by CYP102B1 was approximately 1000-fold less than CYP102A1 [19] (figure 2). A different arrangement of a P450 linked to a redox partner was found in the bacterium Rhodococcus sp. NCIMB 9784. In this protein, a soluble P450 haem domain is fused at the C-terminus to a FMN-and a 2Fe-2S cluster containing a Figure 1 . Examples of (a) common and (b) unusual chemical reactions catalysed by P450 monooxygenases. Many are formal oxidations but reductions and re-arrangements also occur [6] .
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reductase that resembles phthalate dioxygenase reductase [20] and has been named CYP116B2. Furthermore, homologues of this P450 have been found in R. metallidurans (CYP116B1) and Rhodococcus ruber (CYP116B3) [21] . Although the endogenous function of these P450s are not known, it has been shown that the phthalate reductase domain can accept reducing equivalents, and drive CYP116B2 metabolism of 7-ethoxycoumarin and CYP116B3 metabolism of polycyclic aromatic hydrocarbons [22] . Another arrangement was found in the bacterium Methylococcus capsulatus. This organism is one of the few bacteria which can synthesize a sterol (initially thought to be an exclusive biochemical pathway of eukaryotes) de novo. Encoded in the genome of M. capsulatus was a soluble CYP51 (sterol 14a-demethylase) P450 haem domain fused to a ferredoxin domain [23] . The physiological role for this P450 fusion protein was established as a true CYP51, in that it catalysed the three-step oxidation of lanosterol to 4,4,-dimethyl-5a-cholesta-8,14,24-diene-3b-ol, hence confirming that an exogenous FDR can transfer electrons from NADPH to the Fdx domain, which are intramolecularly transferred to the P450 domain. Interestingly, the resulting sterol product from the CYP51 demethylation and subsequent C4 demethylation steps is the final sterol molecule in this bacterium. This finding leads to discussion and speculation on both the ancestry of CYP51, the most functionally conserved P450 in the whole superfamily, and sterol biosynthesis in general [24] . A different arrangement was found in the bacterium Rhodococcus rhodocrous consisting of a fusion between a soluble Cterminal P450 domain (XplA) and a N-terminal flavodoxin domain, a single polypeptide chain containing FMN (XplB) [25] . This P450 has been shown to catalyse the breakdown of the nitramine explosive and pollutant hexahydro-1,3,5-trinitro-1,3,5-triazine by reductive denitration [26] , and when expressed in transgenic plants, hexahydro-1,3,5-trinitro-1,3,5-triazine is removed from contaminated soil, thus having application in bioremediation of contaminated military sites [27] . In another unusual mechanistic observation for a P450 enzyme, oxygen is not required for the degradation of hexahydro-1,3,5-trinitro-1,3,5-triazine, but its presence and binding is required to determine the final degradation products [28] .
Finally, examples of a P450 domain fused to proteins of known and unknown function (and which have no homology rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120434
to redox proteins) are now emerging. In the bacterium Pseudomonas fluorescens, a novel but uncharacterized P450 was found consisting of a P450 domain fused to acyl CoA dehydrogenase and named CYP221A1 [29] . Additionally, the recently discovered P450 found in the Mimivirus genome (CYP5253A1, the first viral P450) was expressed, spectrally characterized and shown to be a P450 domain fused at the C-terminus to a protein containing several putative post-translational modification sites, including one N glycosylation site, a protein kinase C phosphorylation site, four casein kinase II phosphorylation sites and three myristoylation sites [30] . Although the function of this P450 is unknown, this represents the first time such complex modifications are present in a P450 molecule. Above are described novel P450 fusion proteins. However, novel arrangements of P450 with putative redox partners have now been described, which deviate from the class I and II system originally proposed. For example, the gene CYP176A1 from the bacterium Citrobacter braakii is arranged in an operon consisting of genes encoding for a flavodoxin (cindoxin) and a flavodoxin reductase, a single polypeptide chain containing FAD (cidoxin reductase) [31] . Cidoxin reductase has been resistant either to expression or isolation, but Escherichia coli flavodoxin reductase was shown to reconstitute CYP176A1 and cindoxin-mediated hydroxylation of the monoterpene cineole, allowing the bacterium to grow on this compound [31] . E. coli, which has no P450 genes encoded in its genome encodes genes for flavodoxin and flavodoxin reducatse. For many P450s, these E. coli redox proteins have been able to drive their specific catalytic activities. This has led to the hypothesis that eukaryotic CPR arose from gene fusion of the genes encoding flavodoxin and flavodoxin reductase [32] . Above, we have described eukaryotic and prokaryotic P450s and associated redox partner systems and the novel fusion forms. Two examples of P450 which function without any redox partner now follow. The first, a eukaryotic example, is CYP55A1 (P450nor) discovered in the fungus F. oxysporum. Biochemically, CYP55A1 catalyses the reduction of nitric oxide to nitrous oxide [33] . CYP55A1 is a soluble P450 and, although encoded by the same gene, is located in both the cytoplasm and mitochondria in the cell. The P450 haem prosthetic group receives electrons for nitric oxide reduction directly from NADH without participation of any NADH-linked reductase or reducing system. Kinetic experiments confirmed the direct transfer of electrons from NADH to the P450 haem and the CYP55A1 X-ray crystal structure revealed a positively charged cluster located beneath the b-helix as the likely NADH binding site [34] . CYP55A1-like soluble homologues have also been found in the yeast Trichosporon cutaneum [35] and in the fungi Cylindrocarpon tonkinense, Histoplasma capsulatum and Aspergillus oryzae (for review, [36] ).
The second, a prokaryotic example, is CYP154A1 found in the bacterium S. coelicolor A3(2). Recently, CYP154A1 was shown to catalyse the intramolecular cyclization of a novel dipentaenone with a high degree of conjugation to a Paternò -Bü chi-like product [37] . In an unprecendented biochemical reaction described for any P450 studied to date, CYP154A1 requires no redox partner, reducing equivalent (NADPH) or oxygen to function, although CYP154A1 retains key residues in it primary sequence seen in other P450s and produces a Soret maximum at 450 nm in the reduced COdifference spectrum. Only a few examples of P450-catalysed rearrangement without the involvement of external reducing equivalents have been reported, e.g. the rearrangement of prostaglandin H 2 and fatty acid hydroperoxides [10] . However, the substrates involved in these reactions are peroxides and the only other non-redox reactions reported for P450s are hydrolyses [38] .
Differences in electron transport in mechanisms in P450-redox partners
In the preceding section, we have described novel combinations of different P450 and redox partners, including fusion proteins evolved to supply reducing equivalents to the P450 haem Fe for catalysis. However, the exact mechanism of electron transfer in both prokaryotic and eukaryotic P450 systems remains both elusive and controversial, despite extensive biochemical and biophysical analysis over many decades. At the forefront of these disputes in eukaryotic CPR (and CYP102A1 reductase-like component systems) are flavin interaction(s) during transfer, NADPH priming reaction requirement and the final FMN species that donates electrons to the P450 protein.
The common feature of eukaryotic CPR as well as CYP102A1 reductase and its homologues and CYP505A1 is the presence of two flavin prosthetic groups, FAD and FMN, in the reductase domain that channel electrons to P450 haem Fe [39] . CPR transfers a hydride ion from NADPH to FAD and the latter transfers electrons to FMN, where they are then delivered in two one-electron transfer steps to the P450 [4, 5] . However, until 2006, the model for eukaryotic CPR electron transfer mechanisms was based on the only resolved CPR crystal structure, N-terminal-truncated rat CPR, which had the disadvantage of being catalytically inactive [40] . Furthermore, the recently published structure of truncated human CPR, which shares 92.5 per cent sequence identity with rat CPR, was also inactive in driving P450 activities [41] . In contrast N-terminaltruncated yeast (Saccharomyces cerevisiae) CPR was shown to be catalytically activite in supporting different P450 activities [42] , and intriguingly the resolved crystal structure of this protein suggested a new, and unusual, method of electron transfer in CPR [43] . This is still the only catalytically active CPR in driving P450 activities with a resolved threedimensional structure. The yeast CPR structure suggested two binding sites for FMN: a FMN1 binding site that is in a similar position in rat and human CPR, and a second FMN2 binding site located at the interface of the flavin-connecting and FMN-binding domains. Hence, a new model for the CPR electron transfer pathway was proposed in which FMN shuttles between two different binding sites in the reductase molecule: FMN bound in FMN1 binding site receives an electron from FAD, is protonated and then swings to the FMN2 binding site where the electron exits to the P450 protein, as the structure revealed the FMN isoalloxazine ring is exposed to the bulk solvent in the FMN2 binding site. The FMN swings back to the FMN1 binding site, obtains a second electron and this process is repeated [43] . Such a dynamic scenario can be envisaged through protein conformational changes impacting upon flavin positioning possibly due to CPR-P450 interactions. Indeed, contentious mechanistically, it will be interesting to discover whether different CPRs have evolved unique processes to deliver electrons to their P450 complement or whether the electron transfer process is generic
Whereas most eukaryotic organisms encode for a single CPR protein within their genome (although some fungi such as the Aspergilli species and plants encode two or more), within prokaryotes containing P450, and excluding P450-redox fusion proteins, there are also multiple numbers of possible P450-redox partner proteins encoded with the genome. It was universally thought that different Fdx and FDR were interchangeable in driving P450 reactions, with the P450 showing no preference for a particular species. Indeed, various bacterial P450s accept electrons from flavoproteins and/or Fdx and FDRs from different species including plant sources, e.g. spinach Fdx and FDR. However, this had never truly been explored definitively. Recently, the complete redox complement of six Fdx and four FDR encoded by genes in S. coelicolor A3(2) were expressed, purified and assembled in the different 24 combinations to assess whether a specific S. coelicolor P450, CYP105D5, which had been shown to hydroxylate fatty acids, had a preference for a particular redox system and hence electron transfer pathway [44] . Indeed, it was established that CYP105D5 preferred a specific electron transfer pathway (NADH ! FDR1 ! Fdx4 ! CYP105D5) for catalytic activity raising the hypothesis that P450s have also evolved to select particular redox partners. Fdx 4 was shown to be virtually irreplaceable with the other five Fdx proteins in combining with FDR1 to drive CYP105D5 activity, thus strengthening this tenet [44] . Hence, it will be essential to apply this approach to determine optimal electron transfer pathways, particularly in bacterial systems, to fully exploit P450 applications in a biotechnological setting (figure 3).
Deviations from the accepted cellular localization of P450 enzymes
Traditionally, it is thought that all prokaryotic P450s are located in the cytoplasm and that all eukaryotic P450s are located in the ER or mitochondria of the cell. All the bacterial P450s biochemically characterized are soluble enzymes and located in the cytosol. Analysis of prokaryotic P450 primary sequences does not reveal the presence of N-terminal hydrophobic spanning regions, and a prokaryotic membrane-bound P450 has yet to be described experimentally, suggesting that indeed all prokaryotic P450s are located in the cytoplasm. Endoplasmic reticular (microsomal) P450s are integral membrane proteins with each P450 containing a single N-terminal transmembrane spanning segment. P450s are directed and retained in the ER by a signal sequence that also prevents translocation through the ER membrane [45] . Although signal sequence domains have been identified in many P450s the majority of eukaryotic P450s do not have specific identifiable signals. It is thought that overall hydrophobicity at the N-terminus of a P450 sequence directs targeting to the ER membrane [46] . Mitochondrial P450s involved in steroid biosynthesis and vitamin D metabolism have canonical and cleavable mitochondrial targeting signals at their N-termini that are distinct from the signal sequences of microsomal P450s [46] . Mitochondrial P450s are synthesized as pre-proteins containing N-terminal cleavable pre-sequences in the cytosol and post-translationally targeted to the mitochondria. After translocation into the matrix, the targeting sequence is cleaved and the mature P450 associates with the inner membrane. Unusually, some P450 members belonging to the 1, 2 and 3 families have been shown to be bimodally targeted proteins being associated with mitochondria and plasma membrane in addition to the ER [47] . Previously, it was believed that these P450 family members where exclusively found in the ER. It has now been clearly established that the following P450s are bimodally targeted to the mitochondria: CYP1A1, CYP1A2, CYP1B1, CYP2B1, CYP2E1, CYP2D6, CYP2C11, CYP2C6, CYP3A2 and CYP4A1 [46] . That these P450s are targeted to both the mitochondria and the ER is due to unique N-terminal signals (termed chimeric signals) that carry essential elements for targeting to both organelles. These chimeric targeting signals are difficult to identify, but generally consist of an ER targeting signal at the N-terminus (which is part of the transmembrane anchor) flanked by a cryptic mitochondria targeting signal located at amino acid residues 20-36 in each of the different P450s named above. Furthermore, within the mitochondrial targeting signal are 2-5 positively charged residues that are essential for mitochondrial import rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120434 [46, 48] . Of course, these P450s, which are usually supported by CPR in their catalytic activities in the ER, are thus driven by mitochondrial Adx and ADR. The physiological importance of such xenobiobitic metabolizing P450s being present in the mitochondria is still not clear, but one impact lies in the activation of toxins and carcinogens resulting in mitochondrial damage and possible cell death.
Post-translational modification of certain P450 enzymes
It was originally believed that P450s were not modified further once they had been synthesized and folded into their mature form. However, recent work has shown that for certain eukaryotic P450 enzymes post-translational modification occurs. This includes phosphorylation (CYP2B1, CYP2B4, CYP2C6, CYP2D6, CYP2E1, CYP3A4, CYP11A1, CYP17A1, CYP19A1), ubiquitination (CYP3A4 and CYP2B1), glycosylation (CYP11A1 and CYP19A1) and nitration (CYP4A subfamily) [49] . Phosphorylation of a P450 was first shown with CYP2B4 by cAMP-dependent protein kinase (PKA) [47] .
Since then a number of P450s have been shown to be phosphorylated in cell-free systems, hepatocyte incubations and in intact animals. Common features resulting in P450 phosphorylation include the presence of a cytosolically exposed PKA recognition sequence (RRXS) with the Ser residue as the kinase target [46, 49] . However, other P450s do not contain this motif and other cryptic target sequences are phosphorylated by other protein kinases, e.g. protein kinase C (PKC). Much debate has ensued over why select P450s are phosphorylated. The consensus holds that P450 phosphorylation serves as a marker for P450 loss of function and/or degradation. For example, phosphorylation of CYP2E1 Ser129 and CYP2B1 Ser128 has been shown to immediately inactivate the proteins, faster than transcriptional downregulation would reduce activity through reduced protein levels [49] . Furthermore, PKA-mediated P450 phosphorylation has been shown to activate the cryptic mitochondrial targeting signal in CYP2B1, CYP2E1 and CYP2D6 [46] . It is proposed that in part, phosphorylation disrupts the ability of these P450s to be targeted to the ER ( possibly through disruption of signal recognition particle binding), increasing the percentage of proteins to be imported into the mitochondria. Analysis of post-translational modification in the steroid hormone P450 biosynthetic enzymes reveals differences between enzymes and across species. Studies in some species have shown that CYP19As undergo glycosylation and phosphorylation. Human, bovine and equine CYP19As are glycosylated but not the porcine ovary and placenta isoforms [50] . The human CYP19A1 sequence shows potential N-glycosylation sites at Asn12 and Asn180 and it has been predicted that the glycosylation site is localized at the N-terminal membrane-spanning region [51] . Most mammalian, including human, bovine and equine CYP19As have a NXT/S (Asn12-Ile13-Thr14) motif at the N-terminal region, but porcine ovary and placenta sequences lack this motif. Interestingly, the porcine embryonic sequence contains a NXT/S motif, implying that this isoform is probably glycosylated even though it has not been experimentally tested. The NXT/S motif is present only in mammalian and amphibian species, not in birds, reptiles and both isoforms of fishes even though a few exceptions are found. Site-directed mutagenesis of murine CYP19 has demonstrated that Ser118 is a potential phosphorylation site and mutation of this site destabilized the enzyme and decreased the specific activity [52] . Unlike the less-conserved N-terminal glycosylation site, the predicted phosphorylation site Ser118 is conserved in all CYP19A sequences analysed in the present study except in the ovarian isoform of zebrafish. The differences in the levels of conservation of glycosylation and phosphorylation correlate with their effect on the function of the enzyme. While the poorly conserved N-glycosylation site does not show any effect on the activity of CYP19A1 [50] , the nearly absolutely conserved phosphorylation site has a significant effect on decreasing the enzyme activity [52] . In direct contrast, phosphorylation of serines and threonines of CYP11A1 by PKC and in CYP17A1 by PKA results in an increase of both enzyme activities [53, 54] .
Regarding other post-translational modifications of P450s, knowledge is limited. Phosphorylation of CYP3A4 is thought to lead to the enhancement of ubiquination of this P450. This results in aggregate formation of the CYP3A4-ubiquitin form in microsomal membranes and enhanced protein degradation [55] . Clearly there is a direct link and crosstalk between P450 activity, expression, degradation and post-translational modification. It is also important to note that only certain eukaryotic P450s are directly regulated in this manner (table 1).
Selected examples of unusual biochemical properties of cytochrome P450 enzymes (a) Variations in absolutely conserved residues in P450 superfamily
As sequencing projects advanced, it was possible to analyse and compare each P450 primary sequence and identify residues that could be considered as being essential to all P450 enzymes both functionally and structurally. Up until 2006, it was universally thought that three residues were essential in all P450 sequences: the conserved cysteine, which is the fifth ligand to the haem Fe atom, and the EXXR motif forming a charge pair in the K helix, and which is possibly involved in haem binding and overall P450 fold topology, including stability. However, the completed genome sequence of S. coelicolor revealed for the first time that three P450s-CYP156B1, CYP157A1 and CYP157C1-do not contain this EXXR motif and thus challenged this dogma [56] . Examination of the CYP157C1 amino acid sequence revealed the presence of EQSLW in place of EXXR, however, the ferrous -CO complex gave a Soret maximum at 448 nm, typical of a 'normal' P450 [57] . Site-directed mutagenesis to create mutant forms of CYP157C1 containing the EXXR motif were undertaken. However, all mutants produced did not result in correctly folded P450, only the incorrectly folded P420 form [57] . These experiments irrevocably proved that the EXXR motif is not required in all P450s for structural architecture. An X-ray structure of a P450 lacking EXXR is eagerly anticipated to cast new insights on P450 folding and architecture. Finally, the single residue absolutely conserved in all P450 sequences was thought to be the cysteine, which coordinates with the haem Fe. However, recent genome sequencing has revealed that members of the CYP408 family do not contain the canonical cysteine rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120434 residue, but do contain the EXXR motif and have sufficient sequence identity to be classified as P450s [58] . Experimental validation to shed light on the biochemical nature of a CYP408 enzyme is still to be undertaken (figure 4).
(b) Variation of P450 haem incorporation and topology
Until 2003, all P450 structures, whose X-ray crystal structure had been resolved, showed that following haem incorporation into the P450 molecule, the haem prosthetic group adopted a unique orientation based upon the positions of the two protohaem vinyl groups. However, the crystal structure of CYP121A1 from Mycobacterium tuberculosis revealed that the haem group could assume two distinct orientations, the normal orientation and a small fraction in the opposite orientation [59] . CYP121A1 catalyses the formation of an intramolecular C-C bond between two tyrosyl carbon atoms of cyclodipeptide cyclo (L-Tyr-L-Tyr) (cYY) [60] . However, it is not known whether a particular orientation of the prosthetic haem is favoured during catalysis.
Subsequently, the crystal structure of S. coelicolor CYP154A1 revealed that the haem orientation is 100 per cent opposite to that of all reported CYP structures [61] . This is not a unique characteristic of the CYP154 family, because the resolved structure of another family member, CYP154C1, contained all of its haem in the normal P450 orientation [62] . The endogenous function of CYP154C1 is unknown. However, using the substrates of Streptomyces venezuleae CYP107C1 (YC-17 and narbomycin), a P450 involved in the biosynthesis of the antibacterial agents pikromycin, methymycin and neomethymycin, CYP154C1 was shown to be active in converting both substrates to the antibacterial products [62] . Conversely CYP154A1 was shown to be inactive when these compounds were used as substrates [61] . Thus, it may be possible that the haem orientation may influence these enzymatic activities. Additionally, as described above, CYP154A1 has been shown to catalyse the unique cycloaddition of a dipentaenone in an unprecedented P450-catalysed reaction and it is not known whether the orientation of the CYP154A1 haem contributes a significant role to this reaction mechanism [37] . It will be interesting to study the process of protein folding in both P450s in order to gain further insight into haem incorporation mechanisms.
(c) Different modes of substrate binding in P450s
C-C coupling reactions are key steps in the biosynthesis of many important antibiotics. For example, vancomycin biosynthesis, the last line antibiotic treatment for methicillinresistant Staphylococcus aureus, requires three such steps catalysed by P450s [63] . Furthermore, both chloroeremomycin and balhimycin, antibiotics of the vancomycin family, contain P450-dependent biphenyl and biphenyl ether cross links [64] . S. coelicolor A3(2) contains a three-gene operon containing a type III polyketide synthase (PKSIII), CYP158A2 and a quinione-forming monooxygenase (momA). The PKSIII sequentially converts five molecules of malonyl CoA into 1,3,6,8-tetahydroxynapthalene, which is oxidized to flaviolin by momA. CYP158A2 subsquently catalyses C-C bond formation to polymerize flaviolin into the di-and trimer forms [65] . The crystal structure of CYP158A2 revealed important mechanistic features applicable to P450 coupling enzymes and P450 catalysis in general. CYP158A2 binds two molecules of flaviolin in its active site, and the crystal structure predicts that the 2-OH group of flaviolin plays a Table 1 . An overview of biomodally targeted (mitochondria and ER) and post-translationally modified P450 enzymes. CYP1A2  CYP1A2  CYP2B1  CYP2B1  CYP1A1   CYP2B1  CYP2B2  CYP2E1  CYP8A1  CYP1A2  CYP2B2  CYP2B4  CYP3A1  CYP55A1  CYP1B1   CYP2B4  CYP11A1  CYP3A2  CYP101A1  CYP2B1  CYP2C6  CYP17A1  CYP3A4  CYP102A1  CYP2E1   CYP2C7  CYP19A1  CYP2D6  CYP2C11 CYP21A1 CYP2C6
role in anchoring the substrate in the active site while the 5-OH and 7-OH stabilize water molecules important for catalysis [65] . The use of a substrate analogue, a-hydroxynapthalene (which is missing both the 5-OH and 7-OH), revealed 70-fold less activity in dimerization, thus suggesting the water molecules form a proton relay pathway to the bulk solvent [66] . During the general P450 catalytic cycle, dioxygen binding, protonation and splitting of the oxygenoxygen bond are critical steps for product formation [4, 5] . Two mechanisms have been described previously for the protonation step in catalysis. First, in CYP101A1, a hydroxyl group of a threonine residue in the P450 I helix hydrogen bonds to the dioxygen molecule in conjunction with a water molecule, with the water molecule providing the rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120434 proton for catalysis [67] . This conserved threonine is found in the majority of P450 sequences. Second, in CYP107A1, the conserved threonine is not present and the crystal structure suggests that a hydroxyl group of the substrate, 6-deoxyerythronolide B, can directly donate a hydrogen bond to the Fe-linked dioxygen for the proton transfer [68] . Thus the role of active site water molecules and substrate hydroxyl groups in CYP158A2 described a third distinct mechanism of proton transfer for oxygen activation in the P450 catalytic cycle.
The S. coelicolor genome contains a second CYP158A gene, CYP158A1, where the gene product shares 61 per cent amino acid sequence identity with CYP158A2 [56] . It was found that CYP158A1 could catalyse the dimerization of flaviolin-like CYP158A2, but with differing regio-specificity [69] . The flaviolin-bound CYP158A1 crystal structure complex was different compared with that of flaviolin-bound CYP158A2, with the two molecules of flaviolin adopting different orientations in each P450 structure. One flaviolin molecule is positioned over the CYP158A1 haem similar to that found in CYP158A2, but the second flaviolin molecule is bound at the entrance to the substrate access channel in CYP158A1, thus presenting difficulties in understanding how CYP158A1 catalyses dimerization compared with CYP158A2 [69] . It has been proposed that conformational changes in CYP158A1, possibly through binding ferredoxin during the electron transfer process, allows for the second flaviolin to move closer to the first flaviolin molecule in order for the C-C bond to occur. Hence, different modes of substrate binding in two different P450 enzymes, catalysing the same biochemical reaction, is a unique observation for the P450 superfamily.
(d) Moonlighting cytochrome P450s and enzyme bifunctionality
The individual activities of P450s have been determined in only a small number of the 15 000 members of the superfamily. A moonlighting protein refers to a single protein whose normal structure has more than one function, which can arise via a number of factors including: same enzyme in a different cellular location; cofactor binding compared with the unbound form; oligomeric versus monomeric state of the enzyme; protein-protein complexes and interactions; expression of same enzyme in different cell types; and multiple enzyme active sites in a single protein molecule [70] . To date, only three P450s can be classified as being moonlighting P450 monooxygenases: eukaryotic CYP17A1 and CYP7B1, and prokaryotic CYP170A1 [71] . The first two P450s, CYP17A1 and CYP7B1, both have one enzymatic active site, but nonetheless are considered moonlighting as their catalytic reaction is changed dependent upon (i) protein interaction, as is the case for CYP17A1, or (ii) tissue location as described for CYP7B1. However, CYP170A1 is clearly a bifunctional P450 enzyme containing two enzyme active sites in a single P450 protein molecule. Microsomal CYP17A1 plays an essential role in steroid hormone biosynthesis in animals. Specifically, in the gonads, CYP17A1 catalyses the conversion of pregnenolone to dehydroepiandrosterone and progesterone androstenedione in androgen biosynthesis, whereas in the adrenal cortex CYP17A1 hydroxylates pregnenolone at the 17a position producing 17a-hydroxypregnenolone, an intermediate in cortisol biosynthesis [72] . Unusually, this same P450 enzyme catalyses two different chemical reactions, dependent upon its cellular location. In the gonads, CYP17A1 carries out a three-step hydroxylation reaction converting the 21-carbon steroid to the 19-carbon androgen. However, in the adrenal cortex CYP17A1 only catalyses the first initial hydroxylation when the reaction stops [72] . It is believed, in the adrenal cortex, 17a-hydroxypregnenolone leaves the CYP17A1 active site and is further metabolized in the cortisol biosynthetic pathway. However, in the gonads, the product of the initial hydroxylation either remains in the CYP17A1 active site or leaves and then rebinds. The role of cytochrome b 5 in the lyase reactions in the gonads appears to be pivotal and may alter CYP17A1 conformation, so that the further two hydroxylation steps (lyase) proceed [73] . CYP17A1 was the first moonlighting P450 to be discovered with two different activities dependent upon cellular location.
CYP7B1 was initially identified as a steroid 7a-hydroxylase with activity towards pregnenolone and dehydroepiandrosterone in the brain [74] . These steroid metabolites act as neurosteroids in the brain by allosterically modulating receptor function. Additionally, CYP7B1 is involved in bile acid synthesis in the liver using 25-and 27-hydroxycholesterol as substrates [74] . Furthermore, CYP7B1 metabolizes the 19-carbon steroid 5a-androstane-3b,17b-diol, which has been implicated in prostate shrinkage and ovarian failure [75] . Finally, CYP7B1 catalyses the conversion of dehydroepiandrosterone to 7a-hydroxy-dehydroepiandrosterone, a steroid that has been associated with causing chronic inflammation leading to rheumatoid arthritis [76] . Clearly the moonlighting activity of this P450 is dependent upon its tissue localization.
CYP170A1 is the first bifunctional P450 discovered, which contains two different active sites in the same P450 protein molecule. The sco5223 gene encoding CYP170A1 in S. coelicolor A3(2) is part of a two-gene cluster with a sesquiterpene cyclase gene (sco5222) with which it shares a 4-nt ATGA transcriptional overlap at its 5 0 -end. The sco5222 gene product has been shown to catalyse the synthesis of a novel sesquiterpene previously unseen in nature, epi-isozizaene, by cyclization of the universal sesquiterpene synthase substrate, farnesyl diphosphate (FPP). Using an in vitro assay, it was established that purified CYP170A1 carries out two sequential allylic oxidations to convert epi-isozizaene to an epimeric mixture of albaflavenols and ultimately to the single ketone sesquiterpene, the antibiotic albaflavenone [77] . Both epimers of albaflavenol as well as albaflavenone are produced by the wild-type strain, while none of these three metabolites can be detected in the extracts of the CYP170A1 knock-out strain. Hence, the in vivo observations verified the results of the in vitro experiments. Although there are numerous examples described of three-step oxidations of methyl groups to carboxylic acids that are catalysed by a single P450, the two-step oxidation of an allylic methylene to a conjugated ketone by a single P450 is unusual. Notably, in the biosynthesis of oxidized monoterpenes P450-catalysed allylic oxidation is normally followed by a conventional NAD(P) þ -dependent dehydrogenation, as for example in the conversion of (-)-limonene to (-)-isopiperitenone by way of (-)-trans-isopiperitenol in peppermint catalysed by successive P450 and dehydrogenase enzymes [78] . During initial studies of the monooxygenase activity of CYP170A1, an unexpected additional catalytic activity was observed. Surprisingly, gas chromatography/mass spectrometry analysis of the products of the SCO5222, CYP170A1 and redox partners incubation mixture revealed the formation not only of both epimers of albaflavenol and the fully oxidized sesquiterpene antibiotic albaflavenone, but also the formation of (E)-b-farnesene (61%), (3E,6E)-a-farnesene (26%), (3Z,6E)-a-farnesene (6.8%), nerolidol (4.9%) and farnesol (1.8%). Subsequently it was shown that purified CYP170A1 alone can convert FPP to the farnesene mixture without the need for redox partners and NADPH but Mg 2þ was essential for the reaction to proceed. Consequently, the crystal structure of CYP170A1 revealed the presence of a novel terpene synthase active site which is moonlighting on the normal P450 structure [79] . This includes signature sequences for divalent cation binding and an a-helical barrel. This barrel is unusual because it consists of only four helices rather than the six found in all other terpene synthases. Mutagenesis established that this barrel is essential for the terpene synthase activity of CYP170A1 but not for the monooxygenase activity [79] . The presence of two such distinct and unrelated biochemical activities in a single protein molecule is unprecedented within the P450 superfamily.
Conclusions and perspectives
While the identification of P450s by genome sequencing projects is exhilarating given the wonderful diversity of life found on Earth, it is also daunting because in the majority of cases the endogenous function and contribution to the biology of an individual organism is unknown. While this is not unexpected, it is surprising to find that more and more unusual properties of P450 enzymes are being found. This overview increases our expectation that many more novel properties of P450s will be discovered. Hence, we can expect to find additional novel properties of P450s as the number of different P450 gene families are studied in greater detail. However, it should be noted that only a small number of the approximately 15 000 P450 enzymes have been biochemically characterized, to date, and, in some instances, the unusual P450 properties described herein may actually be rather common within the superfamily.
